Groundwater-adapted species (known as stygobites) provide an important contribution to biodiversity.
Introduction
The term 'groundwater' encompasses all water beneath the surface within rocks and sediments. Micro-organisms occur in most groundwater environments and in many groundwaters meiofauna and macroinvertebrates are also present. Animals that live their whole life cycle in groundwater and that generally do not exist in surface waters are known as stygobites (Gibert et al., 1994) .
Stygobites are thought to provide a range of ecosystem services as a consequence of the role they contribute to biogeochemical cycling and maintaining water quality via their interactions with the microbial community.
They may also be useful as markers of good qualitative status of groundwater (Tomlinson & Boulton, 2010) , and example of an ancient fauna that have survived periods of geological and climate change (Humphreys, 2001 (Humphreys, , 2009  groundwater communities remain poorly studied and the full extent of biodiversity remains unknown. Several authors have highlighted the interdisciplinary nature of groundwater ecology and the need for collaboration between ecologists, biologists and hydrogeologists (e.g. Gibert et al., 1994; Hancock et al., 2005; Humphreys 2009; Steube et al., 2009) 
Stygobites: an important contribution to biodiversity
Stygobites are adapted to inhabit the subsurface environment in which there is no light and resources may be sparse (Gibert et al., 1994; Humphreys, 2009 ).
These adaptations generally include reduction or total loss of eyes resulting in blindness, evolution of long sensory appendages enabling movement in the dark, and elongation of body shape enabling passage through small voids (Gibert et al., 1994) . Stygobites lack pigmentation, are colourless and often translucent (Fig. 2) . They are thought to be slow-growing, long-lived, and to have few young compared to surface water invertebrates (Gibert et al., 1994; Humphreys, 2009) . They live in voids within rocks ranging in scale from pore spaces between grains in porous aquifers, to fractures in the rock, to larger dissolutional voids in karst aquifers, to pools and underground streams in large caves. Stygobites exhibit a range of trophic strategies from grazing of bacterial and et al., 1994) . Other organisms that usually live above ground but can also exploit resources in groundwater are called stygophiles, while stygoxenes are organisms that occur only accidentally in groundwater environments (Gibert et al., 1994 Recognition of the diversity of organisms in groundwater has increased during the last 30 years (Sket, 1999; , and stygobites have been shown to provide an important contribution to biodiversity . Botosaneanu (1986) reported 6634 stygobite species, and Gibert & Culver (2004) noted that 7700 were known by 2000. Danielopol et al. (2000) reported that in Europe, stygobites constitute about 40 % of all freshwater crustacean species, implying an important role in crustacean diversity. It is widely recognised that high levels of endemism and low levels of sampling mean that the currently known species are likely to constitute only a small proportion of the actual diversity in groundwater (Danielopol et al., 2000; Gibert & Deharveng, 2002) . Studies in Australia over the last species and endemism over small areas (e.g. Tomlinson & Boulton, 2008; Eberhard et al., 2009; Humphries et al., 2009 ). Surveys in Western Australia found a new genus of isopod, more than 70 new species of copepods, and over 110 new species of ostracods (Tomlinson & Boulton, 2008) . During a recent European study more than 100
It is thought that there are also many cryptic species and most studies that have investigated cryptic diversity using genetic techniques have found new species, often with ranges of less than 200 km 2 (e.g. Lefébure et al., 2006; Trontelj et al., 2009; Bradford et al., 2010; Flot et al., 2010) .
The high degree of specialisation, adaptation and endemism make groundwater animals of particular importance to biologists working on fundamental questions of evolution, ecology, biodiversity and physiology (Danielopol et al., 2000) . Some groundwater ecosystems are chemoautotrophic with the micro-organisms at the base of the food chain deriving their energy from another electron receptor such as sulphur rather than oxygen (Gibert & Deharveng, 2002; Humphreys, 2009; Porter et al., 2009 and in the Edwards Aquifer in Texas (Gibert & Deharveng, 2002; Engel et al., 2004; Porter et al., 2009; Flot et al., 2010) .
These unusual ecosystems are thought to function in a similar manner to those associated with deep ocean vents.
Several studies have emphasised the need for ecological assessments of groundwater in addition to current assessments of groundwater quality and quantity (e.g. Malard et al., 2007; Tomlinson et al., 2007; Steube et al., 2009; Griebler et al., 2010; Korbel & Hose, 2011) . The important contribution of groundwater ecosystems to global biodiversity has been recognised in some countries. In the USA, groundwater species are protected under wildlife laws (Humphreys, 2009 implication is that where a species is restricted to a small numbers of cave dripwaters, it is likely that these are hydrologically connected. Such studies do not determine the origin of water within a drip, which would require a tracer test from the surface to the drip. However, it with relatively short travel times (generally less than a too high for tracer testing to be feasible, and measuring chemical parameters is the only method of characterising fauna distributions may therefore be a useful additional source of information on hydraulic connectivity within aquifers and caves. Locally endemic stygobite species are useful if the species is endemic to a single cave or part of a cave, or to an isolated aquifer (e.g. Humphreys et al., 2009 ). In this case, all areas of the cave or aquifer where the species is found could be assumed to be hydrologically
connected. An area of future development is to use genetic techniques to investigate small-scale genetic variability within stygobite species to aid aquifer characterisation.
It is possible that the presence of genetically similar individuals could be used to investigate groundwater catchment areas of springs and boreholes, and hydraulic connectivity within aquifers and between adjacent aquifers.
Stygobites as indicators of groundwater quality
quality groundwaters should contain stygobitic invertebrates (Korbel and Hose, 2011) , whilst stygobite communities may be absent, depleted, or made up of Malard et al., 1994; Wood et al., 2008) . and both contaminants and micro-organisms is required.
Understanding biogeochemical cycles
Understanding biogeochemical processes is an important part of hydrogeological investigations of water quality.
The role of groundwater ecosystems in biogeochemical cycling and enhancing groundwater quality is not fully understood . In particular few studies have directly investigated the role of the larger stygobitic invertebrates (~1 mm to 20 mm in length).
It is thought that feeding, movement and excretion by stygobites and stygophiles can enhance water quality, (Danielopol, 1989; Hancock et al., 2005; Tomlinson & Boulton, 2008; Humphreys, 2009 Studies of how groundwaters became colonised and marine or surface water organisms evolved into groundwater organisms may provide insight into the timing of past environmental and geological changes (Notenboom, 1991; Boutin, 1994a However, it is now believed that the most ancient parts of the islands are probably ~ 70 million years old because the rocks contain stygobites that are thought to have evolved from marine ancestors at this time (Boutin, 1994b) .
The role of hydrogeology and geology in stygobite studies
Geological and hydrogeological controls on stygobite distributions processes in groundwater because there are many controls on faunal distributions operating over a range of spatial and temporal scales (Gibert et al., 1994; Hahn, 2009; Stoch & Galassi, 2010) . These controls are summarised in (Knight & Gledhill, 2010) . However, it is unlikely that a substantial number of additional species will be found. Most stygobite records are from areas to the south of the last glacial limit, and it is thought that the low diversity compared to many other areas of the world is due to local extinctions during repeated glaciations (Proudlove et al., 2003; Robertson et al., 2009 ). However, most stygobite species are also found in South Wales in areas that were covered by the southernmost parts of the ice sheet during the most recent glaciation. The amphipod Niphargus aquilex is found in Northern England and the syncarid Anthrobathynella stammeri has the northernmost distribution, having been found in Scotland. All stygobite species found in South Wales or northern areas must either have survived beneath the ice or dispersed to these areas during the last 10 000 years (Proudlove et al., 2003) . Local variability in dissolved oxygen concentrations is likely to be an important control on groundwater ecosystems. Some groundwater organisms can withstand low oxygen for long periods and stygobites have even been found beneath hydrogen sulphide layers (Humphreys, 2009 ). Tomlinson & Boulton (2008) report studies that have demonstrated that some groundwater species can tolerate low oxygen levels. These include a study by Danielopol (1989) demonstrating that a groundwater species of amphipod survived two months in hypoxic water, whilst a surface water amphipod species only survived two days. Other studies have shown that groundwater species are able to reduce locomotion and ventilation in hypoxic conditions to reduce their metabolic rate, enabling them to survive (e.g. Malard & Hervant, 1999) . However, despite a tolerance of anoxia, dissolved oxygen is widely believed to be a major factor determining the occurrence and distribution of stygobites as they are much more commonly found in groundwaters with high dissolved oxygen concentrations (Strayer, 1994; Tomlinson & Boulton, 2008; Dole-Olivier et al., 2009b; Humphreys, 2009 ).
for maintaining groundwater ecosystems. In a study demonstrated that dissolved organic carbon was higher this correlated with a greater diversity and abundance of invertebrates. Griebler et al. (2010) also found that species richness and abundance was correlated with Strayer (1994) suggests that many groundwater organisms may not be sensitive to changes in water temperature and The impact of variability in nutrient concentrations on groundwater ecosystems is not fully understood. Robertson et al. (2009) note that nutrient enrichment of groundwaters may lead to an abundance of organisms due to an increase in trophic resources (Wood et al. 2008 ), but can also lead to a reduction in groundwater biodiversity (Wood et al., 2002) . Responses to nutrient and how water chemistry determines overall diversity.
Sampling groundwater for stygobites
The hydrogeology of the sample site
The objective of many groundwater ecology studies is to assess biodiversity and to detect as many species as possible. Sampling is generally done using a net or a trap although in boreholes and the hyporheic zone samples can also be obtained by pumping water and passing this through a net to collect specimens. Sampling can be by Allford et al. (2008) concluded that net hauling was a pumping because in their study pumping did not capture more species than net hauling. They compared results from 55 boreholes in a calcrete aquifer in Western Australia interval sampler. They concluded that species diversity variations were due to factors other than the sampling method used. They found that 10 net hauls captured all the fauna present in a borehole with a decline in capture rates of more common species in subsequent hauls, but that rare taxa needed up to seven hauls before they were detected.
There are a number of biases that need to be boreholes (Tomlinson et al. 2007) However, upscaling from numbers per litre sampled when the spatial extent of the spring habitat is unknown.
In caves, numbers can be counted in pools or in kick samples, or projected using mark-recapture methods (e.g. Knapp & Fong, 1999) . However, it a cave system because of the wide range of habitats, local variability in the numbers of stygobites in pools or streams, and the inaccessibility of many areas.
Estimating faunal abundance from borehole studies of stygobites found in a borehole and the numbers present in the aquifer are unknown. It is thought that there may be higher densities of stygobites within boreholes Tomlinson et al., 2007) . This is likely because sediment and detritus collect and are present in greater quantities in boreholes than in aquifers, providing a good habitat for Carefully designed ecological sampling of borehole intervals sealed by packers, using hydrogeological logging and borehole imaging to identify permeable horizons, might determine where in aquifers stygobites each interval to ensure that aquifer water is sampled.
Conclusions and areas of future research
Stygobitic invertebrates provide an important contribution to global biodiversity and a range of ecosystem services. diverse areas of science. As some of the oldest ecosystems on Earth, they can inform about past geological and climate changes and the ability of species to survive and adapt to environmental change. Only a small proportion of stygobite biodiversity is known, and many unexplored or partially investigated areas of the world are likely to contain new species.
The study of stygobites is highly interdisciplinary, requiring knowledge of ecology, biology, hydrogeology and geology. Despite this, stygobite studies are often carried out without input from hydrogeologists. Closer collaboration between ecologists and hydrogeologists could gain greater insight into the hydrogeological and geological processes determining stygobite distributions.
Hydrogeologists could gain an improved understanding of aquifer connectivity and biogeochemical cycles;
and the use of stygobites as bioindicators could aid hydrogeological investigations of groundwater quality.
We conclude by suggesting four areas in which future interdisciplinary studies may be particularly interesting:
1. Developing novel methods of estimating invertebrate abundance and biomass to enable more quantitative estimates of ecosystem services.
Using hydrogeological data and sampling techniques
to determine where in aquifers stygobites live, and how they use microhabitats in boreholes.
3. Using geological and hydrogeological data to establish the location of dispersal corridors and barriers, and to develop conceptual models of the location and extent of the three-dimensional habitat available for a particular species or community.
4. Using high-resolution DNA analysis of stygobites to characterise aquifers, perhaps developing genetic data as a tool for determining catchment areas and hydraulic connectivity between aquifers or areas of aquifers.
